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ATP synthaseIt has been known that the inhibition ofmitochondrial cytochrome c oxidase is one of the earliest events occurring
under hypoxia and this inhibition can lead to neuronal damages. Thus, the cytochrome c oxidase inhibitor sodium
cyanide (NaCN) is widely used to produce a model of chemical hypoxia by inhibiting this enzyme. However, the
downstream signaling pathways of the inhibition of the cytochrome c oxidase remain to be studied. In the present
paper, we used sodium cyanide tomimic the inhibition of the mitochondrial cytochrome c oxidase and studied its
effect on glutamate release in synaptosomes from the prefrontal cortex using on-line ﬂuorimetry. We also further
investigated the mechanisms underlying the enhancing effect of sodium cyanide on glutamate release using
pharmacological approaches combined with other techniques. The results showed that sodium cyanide signiﬁ-
cantly increased glutamate release from synaptosomes of prefrontal cortex; the broad-spectrum free radical
scavenger MnTBAP and melatonin completely abolished the effect of sodium cyanide on glutamate release; the
H2O2–NMDA receptor pathway mediated one part, whereas the lipid peroxyl radicals-ATP synthase pathway
mediated another part of the sodium cyanide-induced glutamate release; scavenging H2O2 and enhancing ATP
synthase activity could completely abolish the sodium cyanide-induced glutamate release.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
The brain requires a continuous supply of oxygen to maintain nor-
mal function. When the blood vessels in the brain are blocked or leak-
ing, the reduced oxygen supply to the brain can elicit a variety of cell
damages and even cell death.
The neuronal events following hypoxia, which ultimately contrib-
ute to neuronal death, are now known to be extremely complex.
Among them, an excessive increase in the extracellular accumulation
of glutamate under hypoxia has been demonstrated to be a critical
event to induce neuronal damage and death [42]. Therefore, the
study of how hypoxia induces the extracellular accumulation of gluta-
mate is of important signiﬁcance to protect neurons under hypoxia.
Previous studies have proposed that the change of glutamate
transporter function [21], the leak of glutamate from damaged cells
[31] and the release of glutamate from synaptic sites [35] contribute
to the elevation of extracellular glutamate concentrations under hyp-
oxia. Besides, sodium channels [25], extracellular Ca2+ [35] and free
radicals [16] have also been demonstrated to be involved in the
hypoxia-induced glutamate release. However, how, from the initial
stage to the ﬁnal release, hypoxia induces the extracellular accumula-
tion of glutamate remains to be studied.Medical Neurobiology, Fudan
oad, Shanghai, 200032, China.
rights reserved.It has been known that the inhibition of mitochondrial cyto-
chrome oxidase [2,20,26] is one of the earliest events occurring
under hypoxia and this inhibition can lead to neuronal damages
[36,41]. Thus, sodium cyanide (NaCN), which can inhibit cytochrome
oxidase [1,29], is widely used to produce a model of chemical hypoxia
by inhibiting this enzyme. Moreover, since its original action site is al-
ready known, it is especially appropriate to study the signaling path-
ways that connect the inhibition of this enzyme and extracellular
accumulation of glutamate. Thus, in the present paper, we used
NaCN to inhibit mitochondrial cytochrome oxidase and then studied
its effect on glutamate release in synaptosomes from the prefrontal
cortex. Since considerable morphological and functional evidence
has shown that synaptosomes are sealed particles that contain vesi-
cles, viable mitochondria and all the components necessary to store,
release and retain neurotransmitters [6], we further investigate the
mechanism underlying the enhancing effect of NaCN on glutamate re-
lease using pharmacological approaches combined with other
techniques.
2. Material and methods
2.1. Synaptosome preparation
Male Sprague–Dawley rats (200–240 g) were anesthetized with
chloral hydrate (400 mg/kg, i.p.). All experimental procedures con-
formed to Fudan University as well as international guidelines on
the ethical use of animals and all efforts were made to minimize the
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pared as described previously [12,14]. The prefrontal cortex was dis-
sected and homogenized in 0.32 M sucrose solution at 4 °C using the
Art-Miccra D-8 tissue grinder with a motor-driven pestle rotating at
900 rpm. The homogenate was centrifuged at 3000×g for 3 min at
4 °C. The supernatant (S1) was centrifuged at 14,500×g for 12 min
at 4 °C. The pellet (P2) was resuspended and loaded onto Percoll gra-
dients consisting three steps of 23, 10 and 3% Percoll in 0.32 M su-
crose additionally containing 1 mM EDTA and 250 μM DTT. The
gradients were centrifuged at 32,500×g for 6.5 min at 4 °C. Synapto-
somes were harvested from the interface between the 23 and 10%
Percoll layers and washed in Hanks' balanced salt solution (HBSS)
containing 140 mM NaCl, 5 mM KCl, 5 mM NaHCO3, 1 mM MgCl2,
1.2 mM Na2HPO4, 10 mM glucose and 20 mM HEPES, pH 7.4. Washed
synaptosomes were centrifuged at 27,000×g for 15 min at 4 °C. The
protein concentration of the synaptosomes was determined by the
method of Lowry et al. [27] with the bovine serum albumin as the
standard protein.
2.2. Measurement of glutamate release from synaptosomes
Glutamate release was assayed by on-line ﬂuorimetry as described
previously [30]. Synaptosomal pellets were resuspended by addition
of 1.5 ml of incubation medium: 122 mM NaCI, 3.1 mM KCI, 0.4 mM
KH2PO4, 5 mM NaHCO3, 20 mM Na-TES(N-[Tris(hydroxymethyl)
methyl]-2-aminoethanesulfonic acid), 1.2 mMMg2SO4, 16 pM bovine
serum albumin (fatty acid free, Type V), and 10 mM D-glucose, pH 7.4.
NADP+ (2 mM), glutamate dehydrogenase (50 units/ml) and CaCl2
(1 mM) were added after 3 min. The oxidative decarboxylation of re-
leased glutamate, leading to the reduction of NADP+, was monitored
by measuring NADPH ﬂuorescence at excitation and emission wave-
lengths of 340 nm and 460 nm, respectively. Data points were obtained
at 60 s intervals. A standard of exogenous glutamate (5 nmol) was
added at the end of each experiment and the ﬂuorescence change pro-
duced by the standard addition of exogenous glutamate (5 nmol) was
used to calculate the released glutamate as nmol/L.
2.3. Measurement of ATP synthase activities
The activity of ATP synthase from isolated mitochondria in synap-
tosomes was measured spectrophotometrically at 340 nm by using
Mitochondria Complex V Activity Assay Kit (GENMED SCIENTIFICS
INC. USA) following the protocol of the manufacturer. Brieﬂy, the pu-
riﬁed mitochondrial fraction from synaptosomes was resuspended in
isolation medium (320 mM sucrose, 1 mM potassium EDTA, 10 mM
Tris–HCl, pH 7.4) at 4 °C at a protein concentration of 1 mg/ml. The
preparations were freeze-thawed three times before the assays to
allow rapid access of the substrates and cofactors to the enzymes.
100 μl of the mitochondria was incubated with 10 μl of vehicle or
with the same volume of peptide solution to give the desired ﬁnal
concentration. Incubations were carried out at 20 °C for the indicated
times and the samples were immediately added to a cuvette for the
enzyme activity measurement. The reaction mixture contained in a
ﬁnal volume of 0.7 ml: 100 mM Tris (pH 8.0), 4.0 mM MgATP, 2 mM
MgCl2, 50 mM KCl, 0.2 mM EDTA, 0.4 mM NADH, 1 mM phosphoenol
pyruvate, 1.4 unit of pyruvate kinase, 1.4 unit of lactate dehydroge-
nase [48]. The assay was based on the oxidation of NADH to NAD+
by the catalysis of lactate dehydrogenase. The change of NADH to
NAD+ could generate the variation of the ﬂuorescence peak at
340 nm [17].The ATP synthase activity was quantiﬁed based on the
variation of the ﬂuorescence peak at 340 nm.
2.4. Measurement of lipid peroxidation
Lipid peroxyl radicals could form malondialdehyde by the thio-
barbituric acid reaction [10]. Malondialdehyde was quantiﬁedspectrophotometrically at 530 nm [22] which could determine the
concentration of lipid peroxyl radicals. Lipoperoxides were
expressed as pmol/ml in the chemical reaction.
2.5. Measurement of H2O2
The concentration of H2O2 in sample of synaptosomes was
assessed using Hydrogen Peroxide Assay Kit (BioVision) following
the protocol of the manufacturer. Brieﬂy, an aliquot (200 μl) from
the sample of synaptosomes was added into a well of a 96-well mi-
crotiter plate (Costar). Working solution (100 μl/400 μM Amplex
Red reagent 1/2 units/ml horseradish peroxidase) was then added,
and the plate was incubated in the dark for 30 min. The ﬂuorescence
of the well components was then measured. The hydrogen peroxide
concentration was determined using a standard curve. All experi-
ments were run in duplicate, and the rate is quoted as the mean of
at least two measurements [45].
2.6. Measurement of ATP
The concentration of ATP in sample of synaptosomes was assessed
using Adenosine 5′-Triphosphate (ATP) Bioluminescent Assay Kit
(GENMED SCIENTIFICS INC. USA) following the protocol of the manu-
facturer. Brieﬂy, ﬁreﬂy luciferase catalyzes luciferin oxidation using
ATP Mg2+ as a cosubstrate. Light is produced by converting the
chemical energy from luciferin oxidation through an electron transi-
tion, forming oxyluciferin. The emitted light produced by this conver-
sion is proportional to the ATP concentration. The amount of ATP in
the synaptosomes was calculated from the standard curve made
with ATP [39].
2.7. Oxygen deprivation in synaptosomes
Synaptosomes were placed in an airtight incubation chamber
equipped with inlet and outlet valves, and 95% N2/5% CO2 was
blown through the chamber for 10 min to ensure maximal removal
of oxygen. The chamber was then sealed and placed in the incubator
at 37 °C for 60 min [33].
2.8. Measurement of complex IV activities
The activity of mitochondria complex IV from isolated mitochon-
dria in synaptosomes was measured spectrophotometrically at
550 nm by using Mitochondria Complex IV Activity Assay Kit
(GENMED SCIENTIFICS INC. USA) following the protocol of the man-
ufacturer. Brieﬂy, the puriﬁed mitochondrial fraction from synapto-
somes was resuspended in isolation medium (320 mM sucrose,
1 mM potassium EDTA, 10 mM Tris–HCl, pH 7.4) at 4 °C at a protein
concentration of 1 mg/ml. The preparations were freeze-thawed
three times before the assays to allow rapid access of the substrates
and cofactors to the enzymes. 100 μl of the mitochondria was incu-
bated with 10 μl of vehicle or with the same volume of peptide solu-
tion to give the desired ﬁnal concentration. Incubations were
carried out at 20 °C for the indicated times, and the samples were
immediately added to a cuvette for the enzyme activity measure-
ment. The activities of mitochondrial complex IV were measured
spectrophotometrically at 30 °C.
2.9. Drugs
Cadmium chloride, rottlerin, β-Nicotinamide adenine dinucleotide
phosphate (NADP+), DIM (3,3V-Diindolylmethane), manganese(III)
5,10,15,20-tetrakis (4-benzoic acid) porphyrin (MnTBAP), superoxide
dismutase (SOD), N-nitro-L-arginine (NNLA), DL-2-amino-5-phospho-
nopentanoic acid (AP5), N-[2-(p-bromocinnamylamino)ethyl]-5-isoqui-
nolinesulfonamide dihydrochloride (H89), 1,10 phenanthroline (PHEN),
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2,4-dicarboxylic acid (L-tPDC), Melatonin (MLT), L-glutamate dehydro-
genase, L-glutamate and N-methyl-D-aspartate (NMDA) were purchased
from Sigma-Aldrich (St. Louis, MO). EUK134 was purchased from Cay-
man Chemical. Fluo-3 AM and pluronic F-127 were purchased fromMo-
lecular Probes. Percoll was purchased from Amersham Biosciences
Corporation. Other reagents in AR grades were products of Shanghai
Chemical Plant. Cadmium chloride, DIM, MnTBAP, SOD, NNLA, H89,
PHEN, MPG, antimycin A, L-glutamate were dissolved in ddH2O and
others were dissolved in DMSO. When DMSO was used as the vehicle,
drugs were initially dissolved in 100% DMSO and then diluted into
HBSS at a ﬁnal DMSO concentration of 0.1%, which, we conﬁrmed, had
no detectable effects on the parameters we observed.2.10. Off-line data analysis
Off-line data analysis was performed using a Mini Analysis Pro-
gram (Synaptosoft), SigmaPlot (Jandel Scientiﬁc) and Origin (Micro-
cal Software). Numerical data were expressed as mean±SEM
(standard error of means). Statistical signiﬁcance was determined
using Student's paired t-test for comparisons between two groups
or ANOVA followed by Student–Newman–Keuls test for comparisons
among three or more groups. In all cases n refers to the number of
samples (different samples come from different animals) studied.3. Results
3.1. NaCN inhibits the activity of cytochrome oxidase and apparently
increases glutamate release
NaCN is a well-known inhibitor of mitochondrial cytochrome oxi-
dase [29]. Here, to conﬁrm that NaCN could inhibit the activity of the
cytochrome oxidase in our conditions, we used the method described
by Balijepalli et al. [4] to check the NaCN-induced inhibition of the cy-
tochrome oxidase activity in mitochondrial preparation. The result
showed that the activity of cytochrome oxidase was reduced by
50.78±2.21% in response to 2.5 mM NaCN. This result is consistent
with those reported for the NaCN-induced cytochrome oxidase inhi-
bition [29].
The effect of NaCN on glutamate release from synaptosomes of
prefrontal cortex was examined by on-line ﬂuorimetry. As shown in
Fig. 1, NaCN (2.5 mM) could signiﬁcantly increase glutamate release
from the synaptosomes. The averaged concentration of glutamate
was increased from 0.91±0.12 nM before NaCN to 1.94±0.22 nM
at 4–6 min after NaCN (n=6, Pb0.05).Fig. 1. Effects of NaCN on the glutamate release in synaptosomes from the prefrontal corte
panel: the mean concentration before and after application of NaCN (2.5 mM) (Pb0.05, n=3.2. Roles of free radicals in the NaCN-induced glutamate release
To study the role of free radicals in the NaCN-induced glutamate re-
lease, we observed the inﬂuence of the broad-spectrum free radical
scavenger MnTBAP [47] on the NaCN-induced glutamate release from
synaptosomes of prefrontal cortex. The result showed that MnTBAP
(100 μM) alone had no effect on glutamate release (Fig. 2A, n=6), but
it could abolish the NaCN-induced glutamate release (Fig. 2A, n=6).
The averaged concentration of glutamate after the application of NaCN
(2.5 mM) in the presence of MnTBAP was 0.75±0.10 nM, which was
not statistically different from their basal value (0.89±0.05 nM) before
NaCN (Fig. 2B, P>0.05). In addition, we observed the inﬂuence of an-
other broad-spectrum free radical scavenger melatonin [37] on the
NaCN-induced glutamate release from synaptosomes of prefrontal cor-
tex. The result showed that melatonin (100 μM) alone had no effect on
glutamate release, but it could also abolish theNaCN-induced glutamate
release (Fig. 2C). The averaged concentration of glutamate after the ap-
plication of NaCN (2.5 mM) in the presence of melatonin was 1.48±
0.03 nM, which was not statistically different from its basal value
(1.40±0.07 nM) before NaCN (Fig. 2D).
It has been known that free radicals include reactive nitrogen
species (RNS), reactive oxygen species (ROS) and lipid peroxyl rad-
icals (LOO). Since RNS are derived from NO and thus the NO
synthase (NOS) inhibitor can prevent the production of NO, here
we investigated the role of RNS in the NaCN-induced glutamate re-
lease by observing the inﬂuence of the NOS inhibitor NNLA
(100 μM) [23] on the NaCN-induced glutamate release. The result
showed that NNLA (100 μM) alone had no signiﬁcant effect on glu-
tamate release (n=6) and in the presence of NNLA, NaCN still
could signiﬁcantly increase glutamate release. The averaged gluta-
mate concentration after NaCN (2.5 mM) in the absence and pres-
ence of NNLA was enhanced by 108.2±6.5% and 118.6±9.0%,
respectively, which was not statistically signiﬁcant (n=6, P>0.05).
ROS have different species such as superoxide anion (O2), hydro-
gen peroxide (H2O2) and the hydroxyl radical (OH). To test roles of
different ROS in the NaCN-induced glutamate release, we observed
the inﬂuence of antioxidants, which had a preference for one kind
of ROS in its scavenging action, on the NaCN-induced glutamate re-
lease. The results showed that the O2 scavenger SOD (150 U/ml)
[28] and the OH scavenger MPG (300 μM) [19] had no inﬂuence on
the NaCN-induced glutamate release (Fig. 3A and B, n=6), but the
H2O2 scavenger EUK134 (30 μM) [38] could abolish it (Fig. 3C). The
averaged glutamate concentration after NaCN (2.5 mM) in the ab-
sence and presence of SOD was 3.19±0.19 nM and 3.43±0.23 nM,
respectively, which was not statistically signiﬁcant (n=6, P>0.05).
Also, the averaged glutamate concentration after NaCN (2.5 mM) in
the absence and presence of MPG was 2.39±0.24 nM and 2.34±x. Left panel: the time course before and during application of NaCN (2.5 mM). Right
6).
Fig. 2. Inﬂuence of broad-spectrum free radical scavenger MnTBAP and melatonin on the NaCN-induced glutamate release in the synaptosomes from the prefrontal cortex. A: the
time course of the effect of NaCN (2.5 mM) in the presence and absence of MnTBAP (100 μM) on the glutamate release. B: in the presence of MnTBAP, the mean concentration of
glutamate release before and after application of NaCN (n=6). *Pb0.05, compared to control. #Pb0.05, compared to the MnTBAP+NaCN group, n=6. C: the time course of the
effect of NaCN (2.5 mM) in the presence and absence of melatonin (100 μM) on the glutamate release. D: in the presence of melatonin, the mean concentration of glutamate release
before and after application of NaCN (n=6). *Pb0.05, compared to control. #Pb0.05, compared to the MLT+NaCN group, n=6.
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P>0.05). However, in the presence of EUK134, although NaCN still
could increase glutamate release, the averaged glutamate concentra-
tion after NaCN was enhanced only by 48.7±11.9%, (n=6), which
was signiﬁcantly lower than that (105.2±16.7%, n=6) without
EUK134. The averaged glutamate concentration after NaCN
(2.5 mM) in the absence and presence of EUK134 was 2.26±
0.27 nM and 1.66±0.17 nM, respectively, which was statistically sig-
niﬁcant (n=6, Pb0.05). We also observed the effect of exogenous
and endogenous H2O2 on glutamate release. The result showed that
exogenous application of H2O2 (600 μM) could produce a similar effect
to that of NaCN on glutamate release. The average concentration of glu-
tamate was increased from 1.08±0.05 nM before H2O2 to 1.58±
0.06 nM at 4–6 min after H2O2 (Fig. 4A, Pb0.05, n=6). Also, when we
used antimycin A (0.5 μM) to promote the generation of endogenous
H2O2 [18], antimycin A couldmimic the effect of NaCN on glutamate re-
lease. The averaged concentration of glutamate was increased from
1.46±0.12 nM before antimycin A to 3.24±0.31 nM at 4–6 min after
antimycin A (Fig. 4B, Pb0.05, n=6). In addition, we also observed the
inﬂuence of NaCN and antimycin A on the generation of H2O2 in mito-
chondria from prefrontal cortex. The result showed that NaCN
(2.5 mM) could signiﬁcantly promote the generation of H2O2 from the
mitochondria. The averaged concentration of H2O2 was increased
from 0.10±0.03 μmol/ml before NaCN to 0.14±0.03 μmol/ml after
NaCN (Fig. 4C, Pb0.05, n=6). Antimycin A (0.5 μM) could also increasethe concentration of H2O2 from 0.07±0.01 μmol/ml before antimycin A
to 0.14±0.01 μmol/ml after antimycin A (Fig. 4D, Pb0.05, n=6).3.3. Roles of voltage-gated Ca2+ channels and NMDA receptors in the
NaCN-induced glutamate release
Roles of voltage-gated Ca2+ channels and NMDA receptors in the
NaCN-induced glutamate release were observed by examining the in-
ﬂuence of voltage-gated Ca2+ channel blocker and NMDA receptor
antagonist on the NaCN-induced glutamate release. The results
showed that the voltage-gated Ca2+ channel blocker cadmium
chloride (100 μM) [9] had no signiﬁcant inﬂuence on the NaCN-
induced glutamate release (Fig. 5A, n=6), but the NMDA receptor
antagonist AP-5 (50 μM) [32] could partially inhibit it (Fig. 5B,
n=6). The averaged glutamate concentration after NaCN in the ab-
sence and presence of cadmium chloride was 4.22±0.35 nM and
3.93±0.31 nM, respectively, which was not statistically signiﬁcant
(n=6, P>0.05). However, in the presence of AP-5, although NaCN
still could increase glutamate release, the averaged glutamate con-
centration after NaCN was 1.61±0.16 nM, which was lower than
that (1.94±0.21 nM) without AP-5 (n=6, Pb0.05). This result sug-
gests that AP-5 is inhibiting the NaCN-induced glutamate release,
but by less than 50%. Thus, the NMDA receptor is involved but to a
minor extent.
Fig. 3. Inﬂuence of ROS scavengers on the NaCN-induced glutamate release in the synaptosomes from the prefrontal cortex. A: Left panel: the time course of the effect of SOD
(150 U/ml) on the NaCN (2.5 mM)-induced glutamate release. Right panel: the averaged results in a group of cells (n=6). B: Left panel: the time course of the effect of MPG
(300 μM) on the NaCN-induced glutamate release. Right panel: the averaged results in a group of cells (n=6). C: Left panel: the time course of the effect of Euk134 (30 μM) on
NaCN-induced glutamate release. Right panel: the averaged results in a group of cells, *Pb0.05, compared to control. #Pb0.05, compared to the EUK134+NaCN group, n=6.
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mate release
To investigate whether NMDA receptor was a downstream target
of H2O2 to promote glutamate release, we observed the inﬂuence of
the NMDA receptor antagonist AP-5 on the H2O2-induced glutamate
release. The result showed that AP-5 (50 μM) could abolish theH2O2-induced glutamate release (Fig. 6A, n=6). The averaged con-
centration of glutamate after the application of H2O2 in the presence
of AP-5 was 1.23±0.08 nM, which was not statistically different
from their basal value (1.09±0.05 nM) before H2O2 (Fig. 6B, n=6).
We also observed the effect of H2O2 on the NMDA-induced intrasy-
naptosomal calcium increase. The result showed that H2O2 (600 μM)
alone had no effect on intrasynaptosomal calcium concentration, but it
Fig. 4. Effect of H2O2 on the glutamate release in the synaptosomes from the prefrontal cortex. A: Left panel: the time course of the effect of H2O2 (600 μM) on the glutamate release.
Right panel: The averaged concentration of glutamate release before and after application of H2O2 (n=6, Pb0.05). B: Left panel: the time course of the effect of NaCN (2.5 mM) and
antimycin A (0.5 μM) on the glutamate release. Right panel: the averaged concentration of glutamate release before and after application of antimycin A and NaCN (*Pb0.05, n=6,
compared to control). C: The effect of NaCN on the concentration of H2O2 in synaptosomes (Pb0.05, n=6). D: the effect of antimycin A on the concentration of H2O2 in synapto-
somes (Pb0.05, n=6).
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The mean intrasynaptosomal calcium concentration induced by NMDA
(50 μM) without and with H2O2 was 1.09±0.04 nM and 1.23
±0.07 nM, respectively (Fig. 6C, n=6), showing a signiﬁcant increase
after H2O2 (Pb0.05).3.5. Protein kinase C (PKC) and cAMP-dependent kinase (PKA) are not
involved in the NaCN-induced glutamate release
Since PKC and PKA have been known to play an important role in a
number of evoked glutamate release [13], we observed the role of
Fig. 5. Inﬂuence of CdCl2 and AP-5 on the NaCN-induced glutamate release in the synaptosomes from the prefrontal cortex. A: Left panel: the time course of the effect of CdCl2
(100 μM) on NaCN (2.5 mM)-induced glutamate release. Right panel: the averaged concentration of glutamate release of NaCN in the presence and absence of CdCl2 (n=6). B:
Left panel: the time course of the effect of AP-5 (50 μM) on NaCN-induced glutamate release. Right panel: in the present of AP-5, the effect of NaCN on the glutamate release.
*Pb0.05, compared to control. #Pb0.05, compared to the AP-5+NaCN alone group (n=6).
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showed that both the PKC inhibitor rottlerin (20 μM) and the PKA in-
hibitors H89 (1 μM) had no inﬂuence on the NaCN-induced glutamate
release. Both in the presence of rottlerin and H89, NaCN still increased
the glutamate release. The averaged concentration of glutamate afterFig. 6. Inﬂuence of AP-5 on the H2O2-induced glutamate release and effect of H2O2 on NMDA
cortex. A: the time course of the effect of AP-5 (50 μM) on H2O2 (600 μM)-induced glutamat
ence and absence of AP-5. *Pb0.05, compared to control. #Pb0.05, compared to the AP-5+H
group and NMDA+H2O2 group, *Pb0.05, compared to control. #Pb0.05, compared to the NNaCN in the presence of rottlerin increased from 1.02±0.02 nM to
2.51±0.32 nM. The increase in percentage of the NaCN effect in the
presence of rottlerin (147.3±31.7%) was not statistically signiﬁcant
(P>0.05) from that without rottlerin. And the averaged concentra-
tion of glutamate after NaCN in the presence of H89 increased from-induced increase of the calcium concentration in the synaptosomes from the prefrontal
e release. B: the averaged concentration of H2O2-induced glutamate release in the pres-
2O2 group (n=6). C: the averaged calcium concentration of control, H2O2 group, NMDA
MDA+H2O2 group (n=6).
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NaCN effect in the presence of H89 (124.3±14.1%) was not statisti-
cally signiﬁcant (P>0.05) from that without H89.
3.6. ATP synthase inhibition also plays a partial role in the NaCN-induced
glutamate release
To test the role of ATP synthase inhibition in the NaCN-induced glu-
tamate release, we ﬁrst used the ATP synthase inhibitor to mimic the
decrease in ATP synthase after NaCN and observed its inﬂuence on glu-
tamate release. The result showed that the ATP synthase inhibitor DIM
(50 μM) [39] could promote glutamate release from synaptosomes of
prefrontal cortex. The averaged concentration of glutamate was in-
creased from 1.59±0.12 nM before DIM to 1.92±0.13 nM at 4–6 min
after DIM (Fig. 7A, Pb0.05, n=6). We also found that NaCN could sig-
niﬁcantly inhibit the activity of ATP synthase in synaptosomes of pre-
frontal cortex. The averaged activity of ATP synthase was decreased
from 0.16±0.04 μmol NADH/mg before NaCN to 0.09±0.04 μmol
NADH/mg after NaCN (Fig. 7B, Pb0.05, n=6). Moreover, when we
used Na2SO3 (2.5 mM) to enhance the activity of ATP synthase [5,44],
it could partially inhibit the NaCN-induced glutamate release. The aver-
aged increasing percentage of glutamate release after NaCN in the pres-
ence of Na2SO3 was signiﬁcantly lower than that without Na2SO3
(Fig. 7C, Pb0.05, n=6).
3.7. LOO may be an upstream signal of the ATP synthase inhibition to
promote glutamate release
We further explored the possible upstream signals of the ATP
synthase inhibition to produce the NaCN-induced glutamate release.Fig. 7. Effect of DIM on the glutamate release and inﬂuence of Na2SO3 on the NaCN-induce
time course of the effect of DIM (50 μM) on the glutamate release. Right panel: the averag
B: the effect of NaCN (2.5 mM) on the activity of ATP synthase, n=6, Pb0.05, compared w
induced glutamate release. Right panel: the averaged increase percentage of glutamate rel
*Pb0.05, compared to control. #Pb0.05, compared to the Na2SO3+NaCN group, n=6.First, we observed the effect of NaCN on the generation of LOO in syn-
aptosomes from the prefrontal cortex. The result showed that NaCN
could signiﬁcantly promote the generation of LOO. The averaged con-
centration of LOO in control and NaCN group was 10.45±1.43 pmol/
ml and 13.56±0.94 pmol/ml, respectively, showing a signiﬁcantly in-
crease in the concentration of LOO after NaCN (Fig. 8A, Pb0.05, n=6).
This result suggested that LOO might be an upstream signal to medi-
ate the inhibition of ATP synthase. However, since the selective LOO
generating promoters and scavengers are not available, we cannot
provide a direct evidence to support that LOO inhibits ATP synthase
and mediates the NaCN-induced inhibition of ATP synthase. We
only provide some indirect evidence to support this statement. We
used the wide-spectrum free radical scavenger MnTBAP to remove
all free radicals, including ROS, RNS and LOO, and then observed its
inﬂuence on the activity of ATP synthase in synaptosomes from pre-
frontal cortex. The result showed that MnTBAP could abolish the inhi-
bition of NaCN on the activity of ATP synthase (Fig. 8B, n=6).
Moreover, we observed the inﬂuence of MnTBAP on the NaCN-
induced decrease in the ATP concentration. The result showed that
NaCN (2.5 mM) alone could induce the concentration of ATP to de-
crease from 0.49±0.03 μM to 0.23±0.04 μM, but in the presence of
MnTBAP, the decreased concentration of ATP was reversed to 0.52±
0.02 μM, which was not statistically signiﬁcantly different to that
(0.49±0.03 μM) of control. In addition, we observed the inﬂuence of
the removing RNS, O2, OH and H2O2 by NNLA, SOD, EUK134 and
MPG on the NaCN-induced ATP synthase inhibition. The result showed
that the combination using of NNLA, SOD, EUK134 and MPG had no
signiﬁcant inﬂuence on the NaCN-induced inhibition of ATP synthase,
suggesting that the remaining LOO might mediate the NaCN-induced
inhibition of ATP synthase (Fig. 8C, n=6).d glutamate release in the synaptosomes from the prefrontal cortex. A: Left panel: the
ed concentration of the glutamate release of DIM, n=6, Pb0.05, compared to control.
ith control. C: Left panel: the time course of the effect of Na2SO3 (2.5 mM) on NaCN-
ease before and after NaCN in the presence and absence of Na2SO3 in a group of cells,
Fig. 8. Effect of NaCN on the concentration of LOO and inﬂuence of free radicals scavengers on the NaCN-induced inhibition of the activity of ATP synthase in the synaptosomes from
the prefrontal cortex. A: the averaged concentration of LOO in the presence of NaCN (2.5 mM), n=6, Pb0.05, compared to control. B: inﬂuence of MnTBAP (100 μM) on NaCN-
induced inhibition of the activity of ATP synthase, n=6, *Pb0.05, compared to control. #Pb0.05, compared to the MnTBAP+NaCN group, n=6. C: inﬂuence of EUK134
(30 μM), SOD (150 U/ml), MPG (300 μM) and NNLA (100 μM) on the NaCN-induced inhibition of the activity of ATP synthase, n=6, *Pb0.05, compared to control.
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porters may be a downstream pathway of the ATP synthase inhibition
to promote glutamate release
We observed the effect of NaCN on the concentration of ATP in syn-
aptosomes from the prefrontal cortex. The result showed that NaCN
(2.5 mM) could signiﬁcantly decrease the ATP concentration from
0.51±0.05 μM before NaCN to 0.34±0.08 μM after NaCN (n=6,
Pb0.05). Since it has been known that the function of glutamate trans-
porters is dependent on ATP [21], a decrease in ATP concentration can
induce a decrease in the function of glutamate transporters and this de-
crease in the function of glutamate transporters can induce an increase
in the glutamate concentration in the extracellular space of synapto-
somes [21,34]. Therefore, when inhibiting the function of glutamate
transporters with the glutamate transporter inhibitor, it should induce
an increase in the glutamate concentration in the extracellular space
of synaptosomes. To conﬁrm this statement, we observed the effect of
the glutamate transporter inhibitor L-tPDC (1 mM) on the glutamate
concentration in the extracellular space of synaptosomes. The result
showed that the averaged concentration of glutamate was increasedFig. 9. Inﬂuence of the combined application of Na2SO3 and Euk134 on the NaCN-induced glu
of NaCN (2.5 mM) in the presence and absence of Euk134 (30 μM) and Na2SO3 (2.5 mM).
compared to control, n=6. #Pb0.05, compared to the NaCN group, n=6. ##Pb0.05, the Eufrom 1.96±0.11 nM before L-tPDC to 2.40±0.15 nM at 4–6 min after
L-tPDC (n=6, Pb0.05).
3.9. Scavenging H2O2 and enhancing ATP synthase activity can completely
inhibit the NaCN-induced glutamate release
To further test the role of H2O2 and ATP synthase inhibition in the
NaCN-induced glutamate release, here we compared the inﬂuence of
scavenging H2O2 alone, enhancing ATP synthase activity alone and the
combination of scavenging H2O2 and enhancing ATP synthase activity
on the NaCN-induced glutamate release. The result showed that both
scavengingH2O2 alone and enhancingATP synthase activity alone partial-
ly inhibited the NaCN-induced glutamate release, but the combination of
scavenging H2O2 and enhancing ATP synthase activity could completely
inhibit the NaCN-induced glutamate release (Fig. 9, P>0.05, n=6).
Also, we observed the inﬂuence of scavenging H2O2 and enhancing the
activity of ATP synthase on the oxygen deprivation-induced glutamate re-
lease. The result showed that the combined application of scavenging
H2O2 and enhancing ATP synthase activity could signiﬁcantly inhibit the
oxygen deprivation-induced glutamate release (Fig. 10, n=6).tamate release of synaptosomes in the prefrontal cortex. A: the time course of the effect
B: effect of Na2SO3 or Euk134 alone on the NaCN-induced glutamate release, *Pb0.05,
k134+Na2SO3+NaCN group was compared to NaCN group, n=6.
Fig. 10. Inﬂuence of the combined application of Na2SO3 and Euk134 on the glutamate
release in the synaptosomes from the prefrontal cortex. *Pb0.05, compared to control,
n=6. #Pb0.05, the oxygen deprivation group was compared to the Na2SO3 (2.5 mM)
+Euk134 (30 μM)+oxygen deprivation group, n=6.
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The inhibition of the mitochondrial cytochrome oxidase is one of
the earliest events occurring in hypoxic tissues [2,20,26]. The present
study used NaCN to mimic the inhibition of the mitochondrial cyto-
chrome oxidase and demonstrated that this inhibition could signiﬁ-
cantly increase glutamate release from synaptosomes of prefrontal
cortex. Moreover, the present paper further studied the signaling
pathways that connected the inhibition of the mitochondrial cyto-
chrome oxidase and glutamate release. To our knowledge, this is the
ﬁrst report to reveal these pathways.
NaCN is a well-known inhibitor of mitochondrial cytochrome oxi-
dase [29]. The binding site of NaCN in the cytochrome oxidase has
been shown to be speciﬁcally at the ferric heme a3 of the cytochrome
oxidase [29]. After the binding, NaCN can inhibit the activity of the cy-
tochrome oxidase and block the electron ﬂow at this enzyme, which
leads to increased reduction of redox centers in complex I or complex
III, enhancing electron leak and the generation of free radicals, includ-
ing ROS, RNS and LOO, from these complexes [1,11]. Therefore, it is
most likely that NaCN produces its effect on glutamate release by
free radicals. This hypothesis was conﬁrmed by our result that the
broad-spectrum free radical scavenger MnTBAP and melatonin
could abolish the NaCN-induced glutamate release. However, as ana-
lyzed by the following discussion, it appears that different free radi-
cals such as RNS, ROS and LOO, have different roles in the NaCN-
induced glutamate release. Moreover, they have different signaling
pathways that lead to glutamate release.
First, we eliminated the involvement of RNS in the NaCN-induced
glutamate release because when we used the NO synthase (NOS) in-
hibitor to prevent the production of NO and thus preventing the pro-
duction of RNS [23], we did not ﬁnd that it had a signiﬁcant inﬂuence
on the NaCN-induced glutamate release. However, about the roles of
different ROS such as O2, H2O2 and OH in the NaCN-induced gluta-
mate release, we proposed that H2O2, but not O2 and OH, played an
important role in the NaCN-induced glutamate release because we
found that (1) NaCN could signiﬁcantly promote the generation of
H2O2 from the mitochondrial preparation; the H2O2 scavenger
EUK134 could signiﬁcantly inhibit the NaCN-induced glutamate re-
lease; the exogenous application of H2O2 and antimycin A that pro-
moted the generation of endogenous H2O2 could produce a similar
effect to that of NaCN on glutamate release; (2) the O2 scavengerSOD and the OH scavenger MPG had no inﬂuence on the NaCN-
induced glutamate release. Moreover, here we further explored how
H2O2 induced glutamate release by examining the inﬂuence of
voltage-gated Ca2+ channel blocker and NMDA receptor antagonist
on the H2O2-induced glutamate release. The results showed that the
voltage-gated Ca2+ channel blocker Cd2+ could not, but the NMDA
receptor antagonist AP-5 could, abolish the H2O2-induced glutamate
release. In addition, we also observed the inﬂuence of H2O2 on the
NMDA-induced intrasynaptosomal calcium increase. The result
showed that H2O2 alone had no effect on intrasynaptosomal calcium
concentration, but it could enhance the NMDA-induced intrasynapto-
somal calcium increase, providing another evidence for the modula-
tory effect of H2O2 on NMDA receptors. These results suggest that
NMDA receptors may be a downstream target of H2O2 in the signaling
pathways of the NaCN-induced glutamate release. However, the
mechanism of the effect of H2O2 on NMDA receptors remains to be
studied. In the literature, there is evidence suggesting that H2O2 ex-
posure can cause activation of normally silent NMDA receptors, possi-
bly via inhibition of redox-sensitive glutamate uptake [3]. Besides, it
should be pointed out that (1) for the H2O2-induced glutamate re-
lease, NMDA receptors might be the major downstream target, but
for the NaCN-induced glutamate release, the H2O2–NMDA receptor
pathway only played a partial role because the H2O2 scavenger and
NMDA receptor antagonist could only partially abolish the NaCN-
induced glutamate release; (2) the effect of the exogenous applica-
tion of H2O2 on glutamate release was lower than that of NaCN or
antimycin A. The reasons for this difference may involve many fac-
tors. Among them, the concentration of H2O2 reaching at the action
site might be important one because it was speculated that higher
levels of endogenous H2O2, even at millimolar level, could be reached
in the restricted, intracellular compartment of a synaptic terminal [8].
Since PKC and PKA have been known to play an important role in
a number of evoked glutamate release [13], we ﬁrst observed the
role of PKC and PKA in the NaCN-induced glutamate release. The re-
sults showed that both the PKC and PKA inhibitors had no inﬂuence
on the NaCN-induced glutamate release, suggesting that PKC and
PKA did not mediate the NaCN-induced glutamate release. To
screen other pathways that mediate the NaCN-induced glutamate
release, we observed the changes of proteins after NaCN using pro-
teomics. Preliminary data showed that NaCN induced signiﬁcant
changes in nine proteins at 10 folds in synaptosomes from prefron-
tal cortex (data not shown). Among them, a decrease in ATP
synthase attracted our attention. ATP synthase is a multisubunit,
mitochondrial inner membrane-associated protein complex that
catalyzes the phosphorylation of ADP to ATP and thus provides
the energy needed by neurons. Moreover, glutamate transporters,
by using the energy stored in ATP, participate in the decrease in ex-
tracellular glutamate concentration [43]. Therefore, it is possible
that the decrease in ATP synthase after application of NaCN may
constitute another mechanism that mediates the increase in extra-
cellular glutamate concentration induced by NaCN. To test this hy-
pothesis, it was appropriate to further study the role of the
decrease in this enzyme amount. But it was difﬁcult to manipulate
the changes in the amount of ATP synthase in synaptosomes. So,
we proposed a hypothesis that both the amount and activity of
ATP synthase might be decreased in the presence of NaCN. There-
fore, we ﬁrst examined the change and its role of the ATP synthase
activity in the NaCN-induced glutamate release. Fortunately, we
found that there was a signiﬁcant decrease in the activity of ATP
synthase after NaCN and when we used the ATP synthase inhibitor
to mimic the decrease in the ATP synthase activity after NaCN, we
found that the ATP synthase inhibitor could promote glutamate re-
lease. Moreover, when we used Na2SO3 to enhance the ATP
synthase activity, it could partially decrease the NaCN-induced glu-
tamate release. These results suggest that the decrease in the ATP
synthase activity after NaCN may be another mechanism that
Fig. 11. Schematic representation of the possible mechanism underlying the effect of
NaCN on presynaptic glutamate release in the pyramidal cells of layers V and VI of
the prefrontal cortex. The H2O2–NMDA pathway mediated one part of the NaCN-
induced glutamate release, whereas the LOO–ATP synthase pathway mediated another
part of the NaCN-induced glutamate release; scavenging H2O2 and enhancing ATP
synthase activity could completely abolish the NaCN-induced glutamate release.
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nique limitation, we still did not study the role of the decrease in
the amount of ATP synthase after NaCN in the NaCN-induced gluta-
mate release.
About what would be the substrate of ATP synthase when cyto-
chrome c oxidase was inhibited, especially in the experiments
where ATP synthase activity was enhanced by Na2SO3, we proposed
that it might be still ADP and phosphate driven by the proton gradient
because the proton gradient could be generated by mitochondrial
Complex I, Complex III and Complex IV (cytochrome c oxidase), so
when cytochrome c oxidase was inhibited by NaCN, Complex I and
Complex III still were in normal activity and could generate proton
gradient [7,15]. Moreover, our experiment showed that the activity
of cytochrome c oxidase was not completely inhibited by 2.5 mM
NaCN.
We also explored how NaCN inhibited the activity of ATP
synthase. Since the wide-spectrum free radical scavenger MnTBAP
(which removed all free radicals including ROS, RNS and LOO)
could completely cancel the NaCN-induced glutamate release, but
the ROS scavenger only partially and the RNS scavenger did not,
we proposed a hypothesis that the remaining LOO might play a par-
tial role in it. To test this hypothesis, we observed the effect of NaCN
on the generation of LOO in synaptosomes from the prefrontal cor-
tex. The result showed that NaCN could signiﬁcantly promote the
generation of LOO. Next, we planned to analyze the relationship be-
tween LOO and ATP synthase. However, since the selective LOO
generating promoters and scavengers are not available, we cannot
provide a direct evidence to support that LOO can inhibit ATP
synthase and mediate the NaCN-induced inhibition of ATP
synthase. We only provide some indirect evidence to support this
statement. First, we used the wide-spectrum free radical scavenger
MnTBAP to remove all free radicals, including ROS, RNS and LOO,
and then observed its inﬂuence on the activity of ATP synthase in
synaptosomes from prefrontal cortex. The result showed that
MnTBAP could completely abolish the inhibition of NaCN on the ac-
tivity of ATP synthase. Secondly, we observed the inﬂuence of the
removing RNS, O2, OH and H2O2 by NNLA, SOD, EUK134 and MPG,
but reserving LOO, on the NaCN-induced ATP synthase inhibition.
The result showed that they had no signiﬁcant inﬂuence on the
NaCN-induced inhibition of ATP synthase, suggesting that the
remaining LOO might mediate the NaCN-induced inhibition of ATP
synthase.
In addition, we analyzed how a NaCN-mediated decreased activ-
ity of ATP synthase would induce glutamate release. We propose
that the decrease in ATP synthase activity may induce a decrease
in synthesized ATP, which then leads to a decrease in the function
of glutamate transporters and induces an increase in the glutamate
concentration in the extracellular space of synaptosomes. The evi-
dence supporting this speculation is (1) it has been known that the
function of glutamate transporters is dependent on ATP [21] and a
decrease in ATP concentration can induce a decrease in the function
of glutamate transporters; (2) our result showed that NaCN
(2.5 mM) could signiﬁcantly decrease the ATP concentration from
0.51±0.05 μM before NaCN to 0.34±0.08 μM after NaCN (n=6,
Pb0.05); (3) it has been known that a decrease in the function of
glutamate transporters can induce an increase in the glutamate con-
centration in the extracellular space of synaptosomes [21,34]. More-
over, our result also conﬁrmed that when inhibiting the function of
glutamate transporters, it could induce an increase in the glutamate
concentration in the extracellular space of synaptosomes.
As for the energy sources to run the enhanced glutamate release
after NaCN, we measured the ATP concentration of synaptosomes
in the presence and absence of NaCN. The result showed that al-
though NaCN (2.5 mM) could signiﬁcantly decrease the ATP concen-
tration, it could not completely deplete ATP and the remaining
concentration of ATP still was in the higher concentration (0.34±0.08 μM), whichmight provide energy for the enhanced glutamate
release.
It needs to be pointed out that previous studies have examined the
effects of the inhibition of the mitochondrial complex IV activity using
NaCN on glutamate release and found that an increase in glutamate
release from synaptosomes by NaCN occurs due to a decrease in
ATP content [24,40]. The present ﬁndings indicate that one pathway
of the inhibition of the mitochondrial complex IV activity by NaCN
may promote glutamate release by ﬁrst producing free radicals
(LOO) which inhibit the activity of ATP synthase and then decreasing
ATP content which induces glutamate release.
In conclusion, the H2O2–NMDA receptor pathway mediated one
part of the NaCN-induced glutamate release, whereas the LOO–ATP
synthase pathway mediated another part of the NaCN-induced gluta-
mate release (Fig. 11); scavenging H2O2 and enhancing ATP synthase
activity could completely abolish the NaCN-induced glutamate
release.
Signiﬁcance— an excessive increase in the extracellular accumula-
tion of glutamate under hypoxia has been demonstrated to be a crit-
ical event to induce neuronal damage and death [42]. The inhibition
of the mitochondrial cytochrome oxidase is one of the earliest events
occurring in hypoxic tissues and this inhibition can lead to neuronal
damages [46]. The present study reveals two pathways, the H2O2–
NMDA pathway and the LOO–ATP pathway, that mediates the mito-
chondrial cytochrome oxidase inhibition-induced glutamate release.
This ﬁnding is of signiﬁcant importance to provide novel approaches
to protect neurons under hypoxia.Acknowledgements
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